Introduction
============

Sepsis describes a complex clinical syndrome as a result of a systemic inflammatory response to live bacteria and/or bacterial products. This response is expressed as a compendium of a variety of different clinical signs and symptoms such as fever, increased blood leukocyte counts, unexplained thrombocytopenia, mental confusion, transient hypotension, and organ stress and dysfunction. The individual response is determined by many factors, including the virulence of the organism, the size of the inoculum, and the patient\'s coexisting conditions.

Sepsis develops when the initial, appropriate host response to an infection becomes amplified, and is then dysregulated \[[@B1]\]. The most common sites of infection are the lungs, the abdominal cavity, the urinary tract, and primary infections of the bloodstream. If untreated, septic patients may develop acute respiratory or renal failure, multiorgan dysfunction, shock, and death. The exact cause of death in patients with sepsis remains elusive. No autopsy studies have yet revealed why patients with sepsis die. Sepsis is estimated to affect 18 million people worldwide each year and to kill 1400 people each day. According to a recent epidemiological study \[[@B2]\] sepsis affects about 700,000 people annually in the United States alone, with an overall mortality rate of 30% and above 50% in patients with septic shock and/or multiple system organ failure.

Gram-positive organisms, endotoxin-containing Gram-negative organisms, fungi, malarial parasites, and other microbial pathogens can trigger sepsis. Gram-negative bacteria are responsible for most clinical sepsis, although in the past decade the spectrum of invading microorganisms appears to be shifting to Gram-positive bacteria and fungi. From a financial perspective, sepsis represents a major burden to the health care system in most developed countries since septic patients require admission and aggressive treatment in the intensive care units and are generally hospitalized for longer than 3 weeks.

There have been significant advances in the understanding of the fundamental principles governing bacterial--host interactions. However, the clinical management of sepsis is very complicated because of the nonhomogeneous nature of the patient populations and because of the difficulties in precise clinical classification of septic patients \[[@B3]\]. Resistance to bacterial infection is a heritable trait that seems to be controlled by multiple genes. The innate immune system is of central importance to the early containment of infection. Hence, genetic variations or mutations that disrupt innate immune sensing of infectious organisms could explain the ability of the immune system to respond to infection, the diversity of the clinical presentation of sepsis, the response to current medical treatment, and the genetic predisposition to infection in each individual patient.

The identification, by means of association studies, of such variations in those genes involved in the bacteria-induced cellular response might allow the development of a new classification of sepsis and a more accurate determination of patient outcome. Such genetic variations may ultimately be used to identify patients at high risk for the development of sepsis and organ dysfunction during severe infections. We focus in the present review on the current state of association studies of those genes governing the powerful Gram-negative bacterial infection-induced inflammation that results in a deleterious inflammatory and coagulopathic state, terminating in severe sepsis and septic shock. In addition, we provide guidelines for future studies describing disease associations with genetic variations based on current recommendations.

Cell recognition of bacterial endotoxin
=======================================

Early recognition of bacterial products is critical for our survival. It is not clear how the host distinguishes between signals from pathogens. Before a microbe has direct contact with a mammalian cell, it is able to induce chemical reactions that reveal its presence. It is the cellular response to the microbes that produces the septic syndrome.

The innate immune system has both a recognition function, which detects bacterial products in tissues, and an effector function, which attracts phagocytic leukocytes to the sites of bacterial entry \[[@B4]\]. Bacterial lipopolysaccharide (LPS), or endotoxin, is one of the major pattern recognition molecules that activate the innate immunity in Gram-negative infections, although whether LPS is a major cause of sepsis in humans has not been confirmed in clinical trials. There is no endotoxin in Gram-positive bacteria, but their cell walls contain peptidoglycan and lipoteichoic acid that account for their biological activity \[[@B5]\].

Soluble LPS binds to a lipopolysaccharide-binding protein (LBP), which is essential for the inflammatory response to LPS \[[@B6]\]. LBP is a type I acute phase response protein that is produced by hepatocytes, epithelial cells, and other cells, and its production is regulated by inflammatory cytokines produced at the onset of acute inflammatory responses \[[@B4]\]. It is now well known that activation of the host cells is dependent on the presence of a LPS--LBP complex and the opsonic receptor CD14 (Fig. [1](#F1){ref-type="fig"}). In CD14-negative cells (fibroblasts, vascular endothelial cells, dendritic cells), soluble CD14 can accept LPS from LPS--LBP complexes. CD14 does not cause direct cellular activation by LPS.

The transfer of LPS--LBP complexes to CD14 results in the activation of a second membrane protein complex, Toll-like receptor (TLR)-4. This complex belongs to an evolutionary conserved family of receptors (TLRs), which seem to be able to combine to form a repertoire capable of distinguishing between closely related ligands \[[@B1]\]. TLR-4 is the LPS receptor while TLR-2 is predominantly responsible for recognizing Gram-positive cell wall structures \[[@B1],[@B4],[@B7]\]. Physical interaction between LPS and TLR-4 is critically important for LPS signal transduction to occur. It has recently been suggested that a cell-surface molecule, MD2, is crucial for the activation of TLR-4, by positioning it correctly on the membrane surface \[[@B8]\].

TLR intracellular signaling is regulated by a group of IL-1 receptor-associated kinases (IRAK) that bind to the TLR intracellular TIR domain, a process that requires the presence of adapter proteins. Five members of TIR adapter proteins have been described to date \[[@B9]\]: myeloid differentiation protein 88 (MyD88), TIRAP/Mal, TRIF/TICAM-1, TRAM, and SARM. Although it seems that MyD88 interacts with all TLRs in their activation, the other adaptors seem to confer certain selectivity to some pathogens. MyD88 short (an alternatively spliced variant of MyD88) and Tollip (Toll interacting protein) have been suggested as suppressors for this activation \[[@B10],[@B11]\]. The binding of IRAK to the downstream adapter tumor necrosis factor (TNF) receptor-associated factor-6, assisted by TIFA, leads to the activation of NF-κB, which involves phosphorylation and degradation of the inhibitors of NF-κB, leading to the translocation of NF-κB heterodimers to the nucleus. The NF-κB system exerts transcriptional regulation on cytokine gene promoters (Fig. [1](#F1){ref-type="fig"}).

Following the initial host--microbial interactions, there is a widespread activation of the innate immune response involving both humoral and cellular components. LPS interaction with endothelial cells via CD14 and TLRs results in the expression of a variety of adhesion molecules that cause adhesion of neutrophils and monocytes to the vasculature. Under these conditions, leukocytes undergo an additional activation resulting in the production of oxidants, which in turn stimulate endothelial cells to generate inflammatory mediators \[[@B12]\]. In the setting of sepsis, these events result in multiorgan failure, which often leads to death.

Patients with sepsis have features consistent with immunosuppression \[[@B13]\]. The initial immune response is hyperinflammatory with high plasma concentrations of cytokines, but the response rapidly progresses to a hypoinflammatory state with a prolonged depression of the immune system. A wide range of cell types produce the classic proinflammatory cytokines TNF-α, IL-1, and IL-6 and an array of other proinflammatory and anti-inflammatory cytokines. The cytokines act on target cells by binding to specific cytokine receptor ligands, initiating signal transduction and second messenger pathways within the target cell \[[@B14]\]. Although these proinflammatory cytokines are responsible for orchestrating a complex network of secondary cellular responses, the hypothesis that mortality in human bacterial sepsis is caused by an increased production of proinflammatory cytokines seems to be overly simplistic. Death as a result of a cytokine storm, as occurs in animals, does not reflect the clinical picture of human sepsis \[[@B15]\].

Although pharmacologic therapies targeted to specifically block cytokine levels have failed to prevent lethality in experimental and human sepsis \[[@B16]\], anti-inflammatory strategies applied early in patients with a hyperinflammatory immune response may be lifesaving \[[@B17]\].

Why some patients die as a result of an out-of-control septic process whereas other patients recover without problems is still unknown. Some authors have proposed to examine variations in genes that are involved in the signaling cascade during sepsis, in order to establish to which degree variations on those genes controlling the inflammatory and anti-inflammatory responses contribute to the development or fatal outcome of sepsis. Variations in those genes controlling the inflammatory and anti-inflammatory responses could therefore not only be associated with the outcome, but could explain the enormous individual variability during the course of similar infections.

In this vein, during the past decade, some authors have initiated association studies examining variants of those genes involved in innate immunity (TLRs, LBP, CD14, bactericidal/ permeability-increasing protein, angiotensin-converting enzyme, mannose-binding lectin \[MBL\], heat shock proteins), in acquired immunity (FcγRIIa), in coagulation factors (tissue-type plasminogen activator, plasminogen activator inhibitor-1, factor V Leiden), and cytokines (Table [1](#T1){ref-type="table"}). Although most of these studies have not shown positive associations with sepsis, it is important to emphasize that most of them lacked an adequate methodology. Discussion and major limitations of those association studies and present recommendations for further genetic epidemiologic studies will be briefly addressed in the following.

Genetic variability, susceptibility to sepsis, and outcome
==========================================================

Genetic differences between people may affect the likelihood of developing diseases. Sørensen and colleagues \[[@B18]\] were the first to report that premature death from infection is strongly heritable in human populations, more so than premature death from any cause, including cardiovascular diseases and cancer. Little is known about the genes that contribute to this heritability and hence are responsible for fatal outcome caused by systemic infectious diseases such as sepsis.

Single base variations, known as single nucleotide polymorphisms (SNPs), are the most commonly used variants. On average, two unrelated people differ at about one base in every 1000 of the 3 × 10^9^or so bases in their genome. Of the more than 10 million SNPs so far mapped and deposited in public and private databases, only 4% are within genes. By comparing SNPs in patients and healthy controls it should be possible to track down those genetic differences. Once this has been achieved, any person can be genotyped for this limited set of SNPs.

There has been great interest in exploring polymorphisms in TNF, IL-1, and IL-6 genes and their association with serum concentration of those cytokines and severity of critical illness \[[@B19],[@B20]\]. TNF-α is one of the key cytokines of the inflammatory cascade and a central mediator of sepsis. The gene coding for TNF-α is located on chromosome 6 in the region known as the major histocompatibility complex, close to other genes coding for cell cycle. A polymorphism in the promoter region of the *TNF*-α gene has been associated with an increased synthesis of TNF-α and with a higher mortality rate in patients with malaria, meningococcal disease, and leishmaniosis \[[@B21]\].

Two studies in critically ill patients \[[@B22],[@B23]\] have revealed association between polymorphisms in the TNF genes and sepsis. Stüber and colleagues \[[@B22]\] determined the allele frequency and genotype distribution of a bi-allelic polymorphism in the TNF-β gene and TNF-α plasma concentrations in 40 patients with sepsis. They found that the allele frequency distribution was similar to that found in 105 healthy individuals. However, patients homozygous for the allele TNFB2 showed higher circulating TNF-α levels, a higher organ dysfunction, and a higher mortality rate than heterozygous patients.

In the second study, of 89 patients with septic shock and 87 healthy unrelated blood donors, Mira and colleagues \[[@B23]\] studied the frequency of the polymorphism located at nucleotide position -308 inside the TNF-α promoter region (consisting of a single base replacement, guanosine versus adenosine), which results in two allelic forms. These authors found that several other polymorphisms at positions -419, -244, and -49 were always associated with the *TNF2*allele. This variant was found in 39% of septic patients and only in 18% of the controls. In addition, the *TNF2*allele was significantly more frequent in the nonsurvivors (54% versus 24%), although plasma TNF-α concentrations were not statistically different between both alleles.

Meningococcal sepsis is characterized by exceptionally high levels of LPS in the blood or cerebrospinal fluid \[[@B24]\]. Hibberd and colleagues \[[@B25]\] have studied the association between the variants of the MBL gene with the susceptibility to develop meningococcal disease. Although 10% of the general population are carriers of the pathogenic strains of *Neisseria meningitides*in their nasopharinx, it is unknown why they cause fatal illness in few of them. In addition to the acquired immune response, there also exists an innate immune response that activates the alternative complement pathway via the MBL pathway. The amount of MBL in plasma is genetically determined and there are three different alleles coding for structurally different proteins. Hibberd and colleagues studied stored blood samples from hospitalized children with meningococcal disease and controls, and determined the frequency of variants of the MBL gene in the two groups. The prevalence of homozygous variants of MBL was sevenfold higher in children with meningococcal disease than in controls. This study showed that children who are homozygous for the MBL variant allele have a higher chance of suffering from meningococcal disease. The data suggested that genetic variants of *MBL*could be responsible for one-third of all cases of meningococcal disease.

Koch and colleagues \[[@B26]\] examined the relation of genetic variations of *MBL*with the susceptibility to common respiratory infections in children. They found that children with genetic variants that result in lower levels of the MBL protein have a significantly greater risk for acute respiratory infections.

The family of genes encoding IL-1 has several members. *IL-1A*and *IL-1B*encode the proinflammatory mediators IL-1α and IL-1β, respectively, whereas *IL-1RN*encodes the anti-inflammatory IL-1 receptor antagonist. Fang and colleagues \[[@B27]\] studied 93 patients with severe sepsis and 261 healthy blood donors to determine whether allele frequencies and genotype distributions of SNPs in IL-1 receptor antagonist gene intron 2 and IL-1β gene exon 5 were associated with the susceptibility to, and outcome of, severe sepsis. They found that the frequency of the allele IL-1 receptor antagonist A2 was increased in patients with severe sepsis compared with healthy individuals, but no association with outcome was observed (Table [1](#T1){ref-type="table"}).

Bactericidal/permeability-increasing protein and LBP have a high affinity for LPS. Hubacek and colleagues \[[@B28]\] sought to determine whether the genotype frequencies of five SNPs in bactericidal/permeability-increasing protein genes and in LBP genes in 204 patients with sepsis and in 250 healthy control blood donors were associated with the incidence and lethality of sepsis. No differences were found between patients and controls in the polymorphism distributions in either bactericidal/permeability-increasing protein or LBP. However, the presence of LBP genotypes with the less frequent Gly98 allele (SNP at nucleotide 292 of the proximal coding region resulting in an amino acid substitution of cystine to glycine at the 98th residue in the LPB protein) was found to be associated with sepsis in male patients. A recent report by Barber and O\'Keefe \[[@B29]\] in 37 patients with sepsis out of a group of 151 trauma patients, however, found that the SNP in the LBP coding region reported to exist at the 292 position and to result in an amino acid substitution actually exists at the adjacent 291 position and does not result in an amino acid substitution. Furthermore, that SNP did not appear to be associated with severe sepsis, with septic shock, or with death.

Recognition of LPS by host cells is mediated by either a membrane-bound form or a soluble form of CD14, a myeloid cell differentiation antigen expressed primarily on monocytes, macrophages, and neutrophils \[[@B30]\]. A common polymorphism within the promoter region of CD14 has not been associated with sepsis development or mortality \[[@B31],[@B32]\]. Heesen and colleagues \[[@B32]\] studied the genotype distribution of the -260 (cytosine versus thymidine) SNP of the CD14 gene and its relation with the development of sepsis in 58 trauma patients. The genotype distribution in trauma patients was similar to that of healthy blood donors, and did not differ in the 14 patients with severe sepsis compared with those with an uncomplicated post-traumatic course.

TLR-4 is the major receptor for LPS in mammals. Structural variations of the gene coding for TLR-4 would be expected to impair host responses to microbial pathogens. Arbour and colleagues \[[@B33]\] identified two common missense SNPs (Asp299Gly and Thr399Ile) affecting the extracellular domain of the TLR-4 receptor associated with hyporesponsiveness to inhaled endotoxin in humans. They investigated whether these specific SNPs were associated with a predisposition to a more severe disease outcome in 91 patients with septic shock compared with 73 healthy blood donor controls \[[@B34]\]. They found that the 299Gly allele was exclusively present in patients with septic shock.

In a cohort of 77 consecutive critically ill patients, Agnese and colleagues \[[@B35]\] studied the association between these two structural TLR-4 SNPs and the outcome. They found that in this population at risk for sepsis, TLR-4 variants were associated with an increased incidence of Gram-negative infections (79% in patients with mutations versus 17% in patients without them).

Smirnova and colleagues \[[@B36]\] studied 197 unrelated children with systemic meningococcal infections and two control groups of 127 and 256 healthy, unrelated children to determine whether variants affecting the TLR-4 structure render humans more susceptible to meningococcal sepsis. They found that no single variant of TLR-4 was significantly over-represented in the meningococcal population, but that an overwhelmingly significant excess of rare heterozygous missense mutations of TLR-4 was observed among individuals with disease (*P*\< 0.00001; odds ratio, 27.0).

TLRs transduce their signals through MyD88 and the serine/threonine kinase IRAK. Although the exact function of each IRAK protein remains controversial, it seems that IRAK-4 is required for the formation and activation of signaling complexes involving TNF receptor-associated factor-6. Picard and colleagues \[[@B37]\] have recently reported an inherited IRAK-4 deficiency in three unrelated children with recurrent pyogenic infections and poor inflammatory response. Three different mutations were detectable in those three children. Their cells did not activate NF-κB and failed to induce downstream cytokines. Other association studies \[[@B38]-[@B46]\] are presented in Table [1](#T1){ref-type="table"}.

Genetic association studies: limitations and recommendations
============================================================

The rationale for studying gene polymorphisms in critical illnesses seeks to identify potential markers of susceptibility, severity, and clinical outcome, seeks to identify potential markers for responders and nonresponders in clinical trials, and seeks to identify targets for therapeutic intervention. Genetic association studies have become one of the most common forms of experimental design in the medical literature and remain perhaps some of the hardest to interpret \[[@B47]\]. Association is sought between a specific SNP and the clinical outcome by direct comparison of an individual genotype and the clinical features of the disease. Case--control association studies have been widely used in the search for genetic variants that predispose to sepsis, in which the frequencies of marker alleles in groups of patients and healthy controls are compared, and the difference is subjected to statistical analysis \[[@B19]\]. Judging the results of association studies is problematic. Although association analysis promises to be a useful tool for shedding light on the genetic basis of disease predisposition and outcome, their value is diminished by multiple limitations regarding their use and the interpretation of results.

Detecting SNPs is no longer a difficult technical task; the challenge is to make sense of all the data. In considering how to compare allelic frequencies, there is an understandable tendency to just apply the chi-square test and obtain the \'truth\' \[[@B47]\]. The *P*values do not provide a marker of truth, when in some instances the \'truth\' comes from just a single, unconfirmed publication. All probability is conditional; judgment and profound knowledge of the specific topic are critical to accept that the findings of association studies are plausible in the light of what is known. Weak genetic effects combined with underpowered studies lead to significant numbers of falsely negative reports. Special attention has to be paid to the issues of lack of power and small sample size, to disease classification or status, to problems derived from chance, to bias, and to confounding factors.

Since most association studies are small in size (less than a few hundred cases and controls), when a statistical significance is achieved it is almost certain to have overestimated the true effect of the variant being tested. On the contrary, failure to observe an association of the magnitude of effect reported in a previous study should not be taken as a rejection of the association. Since many alleles have weak genetic effects, testing the variant in a large population will be required to determine whether the association achieves statistical significance. An alternative explanation for a positive statistically significant association could be chance. This is particularly the case of multiple testing for different markers without using a correction strategy, which could lead to an overinterpretation of a false positive \[[@B48]\].

Apart from real associations, other factors can produce allele frequency differences between cases and controls. Different sources of bias could be responsible for such artifacts. Most systematic errors (bias) in molecular epidemiological studies occur because of imperfect sampling or classification procedures that cause the dataset to misrepresent the true relationship being studied \[[@B49]\]. Bias in the selection of samples can be resolved using clearly defined inclusion criteria for cases and controls. Among clinicians, the choice of phenotype is critical to the success of association studies. Most case--control association studies employ a dichotomous variable (affected/unaffected). If the cases include a non-homogeneous sample of patients or if the control group includes subjects who were affected in the past or are currently affected but undiagnosed, the power to detect a significant association will be reduced \[[@B50]\]. A biologic plausibility of a candidate gene for involvement in the pathogenesis of sepsis is important, but errors in genotyping can have serious implications for genetic association studies.

A relatively easy method for estimating genotyping error is testing some individuals twice and counting the discrepancies \[[@B51]\]. In the most widely used technique for genotyping, restriction fragment length polymorphism, the patterns are produced by the target SNP.

However, restriction fragment length polymorphism is more prone to errors than minisequencing or hybridization (Fig. [2](#F2){ref-type="fig"}) because in the latter methods the observed genotypes are not influenced by the efficiency of the reaction, and they use more information from sequences adjacent to the SNP. For a proper interpretation of the results it is important to assess the Hardy--Weinberg equilibrium at least within the control group. This test indicates that the genotype frequencies can be determined directly from the allele frequencies. A recent work by Xu and colleagues \[[@B52]\] detected an association between positive results in association studies and deviations from Hardy--Weinberg equilibrium due to genotyping errors.

Linkage disequilibrium is the best known confounding factor affecting case--control studies \[[@B53]-[@B55]\], and can be defined as a nonrandom association of alleles at different loci. If linkage disequilibrium is present, the possibility exists that the original marker tested is not the causal allele, and further studies of the region are warranted. In this regard, one SNP or a few SNPs selected on the basis of producing an amino acid change are often typed in a candidate gene. If there are negative results, then the gene is regarded as having no implication with the disease. The opposite would be concluded if the typed SNP results in a positive association. It must be noted, however, that only subsets of the variants of the gene have been explored.

Although multiple polymorphisms have been described within the TNF gene locus, and interpreted to indicate that it is associated with prognosis \[[@B22],[@B23]\], none of those polymorphisms seem to directly alter the TNF-α transcription rate. It is more probable that those associations are not direct, but result from linkage disequilibrium with other genes on chromosome 6 \[[@B53],[@B54]\]. If hundreds of thousands of SNPs were identified across the genome, then it would be possible to perform genome-wide association studies to identify the regions of linkage disequilibrium around disease susceptibility genes \[[@B55]\].

The need to explore nearby variants and surrounding haplotypes, which is the combination of alleles from the different loci, is therefore crucial. SNPs are typically analyzed in isolation, whereas it may be the precise combination of SNPs on a given chromosome (the haplotype) that determines its significance. The most appropriate way to proceed in association studies would be to characterize the linkage disequilibrium distribution in particular regions of interest, and then use these data to extract the maximum information by typing a selected subset of the most informative SNPs, called tagging SNPs \[[@B56],[@B57]\]. The haplotypes constructed from tagging SNPs would produce a modest reduction in power in comparison with direct assays with all common SNPs in the same genomic region. Moreover, it has been suggested that studies based on genotypes or haplotypes from several SNPs may reduce the sample sizes needed to detect association \[[@B58]\]. A drawback of this method is that the tagging SNPs identified in one population may not necessarily perform well in another population \[[@B56]\].

A possible cause of a false-positive association study includes an admixture resulting in population stratification. Ethnicity has been the most common way to match cases and controls based on self-reported ancestry. If cases and controls are drawn from different ethnic groups or subgroups, allele frequencies will tend to differ among the sub-populations for most randomly chosen loci with no causal association with the disease. If one of these subgroups has a higher disease prevalence than the others then stratification occurs, because that subgroup will be over-represented in the cases and will be under-represented in the controls \[[@B59]\]. Stratification can also occur in a single admixed population where the individuals have varying degrees of genetic contributions from two or more population groups.

There are currently several methods for controlling for confounding in a stratified population. One approach for reducing this effect is the use of family-based controls. Since sepsis predominantly affects middle-age adults, it would be difficult to recruit relatives. As an alternative, the population structure can be empirically determined by individually genotyping all potential cases and controls across a set of unlinked marker loci, although an optimum number of these markers have not been established. A family-based approach would be more powerful when the population structure is significant, as in African-Americans, while the approach based on the typing of unlinked markers would be more efficient for populations with low levels of structure, as in Europeans \[[@B60]\].

Association studies are plagued by the impression that they are not consistently reproducible either due to false positives, to false negatives, or to variability in association among different populations \[[@B61]\]. Lohmueller and colleagues \[[@B62]\] proposed three recommendations. First, a single, nominally significant association should be viewed as tentative until it has been independently replicated at least once, and preferably twice. Second, large studies should be encouraged, with collaborative efforts in order to achieve sample sizes of several thousands of case--control pairs. Finally, the authors estimated that one-quarter of previously published associations represent real associations with common diseases.

Using an adequate sample size to test all previously reported associations that have already been replicated at least once would probably identify a significant number of variants that affect the risk of common diseases \[[@B63]\]. Complementing these recommendations, publication bias should be avoided so that both positive and negative results are accessible to the public, as long as they fulfill minimal methodological criteria. Once such a power is reached, findings should be judged on additional functional evidences. Since no published reports to date meet all methodological requirements for supporting a causative relationship with those reported candidate genes (SNP hunting technique, population stratification, linkage disequilibrium, sample size, and lack of power), any conclusions still remain speculative. Results from most genetic case--control association studies need to be confirmed in future studies.

Summary
=======

The age of the genome is with us. Current therapies for critically ill patients are selected on the basis of \'standard\' patterns and expected responses. However, physicians have long known that every patient has a different response to drugs and is at a different risk for a particular event or bad outcome. We are now discovering that the individual risks and cellular responses can be related to each patient\'s unique DNA. Genetics seeks to correlate the variation in DNA sequence with phenotypic differences. Genotyping is likely to become increasingly important in clinical medicine. The recognition of genetic predisposition to sepsis might facilitate the search for therapeutic targets in patients with an impaired innate immune system. Establishing a catalogue of all common variants in the human population will facilitate studies to establish relationships between genotype and biological function.

SNPs can work as predictive tools to assist clinical decisions. The challenges that lie beyond include detecting the clinical significance of variations in genetic sequences, identifying different functions of DNA, and other molecular systems in the cell, and unraveling the complexities of gene--gene and gene--environment interactions. In this genetic New World, physicians might be able to use genetic information to dictate immune-based therapies to modulate the response in a given patient.

We envision a time in the near future when genotyping will be included in the standard evaluation of patients and will help to prioritize a therapeutic option. Those who are found to carry a genetic susceptibility will constitute a new class of individuals for medicine: a class that might be designated as \'unpatients\'; neither patients in the usual sense of being under treatment, nor nonpatients in the sense of being free of a medically relevant condition \[[@B64]\]. By systematically collecting DNA from every patient in every clinical trial, scientists will analyze it for variations and then, at the end of the trial, perform association studies between the genetic variation, the efficacy, and the adverse effects of therapeutic measures. Careful attention to genotype assignment will be required to maximize the benefits to individual patients in a new era for investigating the genetic bases of human disease and drug response. SNP research is paving a track to personalized medicine.
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![Cell recognition of lipopolysaccharide (LPS). See text for details. LBP, lipopolysaccharide binding protein; TLR4, Toll-like receptor 4; IRAK, IL-1 receptor-associated kinase; Tollip, Toll interacting protein; MD2, myeloid differentiation protein-2; MyD88, myeloid differentiation primary response 88; TIRAP, TIR domain-containing adapter protein (also known as MYD88 adaptor-like protein); TIFA, TRAF-interacting protein with a forkhead-associated domain; TRAF6, TNF receptor-associated factor-6; IKKs, IκB kinases; NF-κB, nuclear factor kappa B; IκB, kappa B inhibitor.](cc2863-1){#F1}

![An example of the simultaneous detection of seven known single nucleotide polymorphisms (SNPs) with a minisequencing method. Each peak corresponds to a SNP allele (blue, G; green, A; black, C; red, T).](cc2863-2){#F2}
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Markers of candidate genes used for association studies in sepsis

  Gene                                Marker                          Association   Reference
  ----------------------------------- ------------------------------- ------------- -------------------
  *BPI*                               Lys-Glu (216)                   \-            \[[@B28]\]
  *BPI*                               Noncoding PstI                  \-            \[[@B28]\]
  *BPI*                               Synonymous TaqI (545)           \-            \[[@B28]\]
  *HSP70-2*                           Coding PstI (position?)         \-            \[[@B38]\]
  *HSP70-HOM*                         Met-Thr (493)                   \-            \[[@B38]\]
  *LBP*                               Cys-Gly (98)                    \+ (male)     \[[@B28]\]
  *LBP*                               Leu-Pro (436)                   \-            \[[@B28]\]
  *LBP*                               Synonymous HpaII (291)          \-            \[[@B29]\]
  *MBL*                               Exon 1 (codons 52, 54, 57)      \+            \[[@B25]\]
  *CD14*                              -260 (-159) promoter            \-            \[[@B31],[@B32]\]
  *TLR-4*                             Asp-Gly (299)                   \+            \[[@B34],[@B35]\]
  *TLR-4*                             Thr-Ile (399)                   \-            \[[@B35]\]
  *TLR-4*                             Rare coding mutations           \+            \[[@B36]\]
  *TLR-2*                             Arg-Gln (753)                   \+            \[[@B39]\]
  *TLR-2*                             Rare coding mutations           \-            \[[@B36]\]
  *FCγRIIa*                           His-Arg (131)                   \+            \[[@B40]\]
  Angiotensin-converting enzyme       Noncoding indel^a^              \+            \[[@B41]\]
  Factor V Leiden                     Arg-Gln (506)                   \+            \[[@B42]\]
  Plasminogen activator inhibitor-1   Promoter single base indel^a^   \+            \[[@B43]\]
  Tissue-type plasminogen activator   Noncoding indel^a^              \-            \[[@B44]\]
  IL-1 receptor antagonist            Noncoding microsatellite        \+            \[[@B27]\]
  *IL-1β*                             Synonymous TaqI (297)           \-            \[[@B27]\]
  *IL-6*                              -174 promoter                   \-            \[[@B45]\]
  *IL-10*                             -1082 promoter                  \+            \[[@B40]\]
  *TNF-α*                             -308 promoter                   \+            \[[@B23]\]
  *TNF-β*(*LTA*)                      Noncoding *Nco*I                \+            \[[@B27],[@B46]\]

BPI, bactericidal/permeability-increasing protein; FcgRIIa, immunoglobulin G Fc receptor II; HSP, heat shock protein; LBP, lipopolysaccharide-binding protein; LTA, lymphotoxin-alpha; MBL, mannose-binding lectin; TLR, Toll-like receptor; TNF, tumor necrosis factor. ^a^Insertion/deletion.
